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Abstract 
      There is a great demand to find effective treatment 
for stroke patients. Much effort has been made to 
target medication specifically to the affected brain 
area. The blood-brain-barrier strictly controls the 
amount of xenobiotics that can enter the brain in 
order to protect the fragile and sensitive homeostasis. 
The penetration of drug molecules through the blood-
brain-barrier is restricted by various mechanisms 
such as tight junctions and transmembrane 
transporter proteins. Even if a drug gets across the 
membrane of the brain capillary endothelia, it is 
liable to be pumped back to the blood stream by efflux
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transporters. Transporters may further influence stroke therapy via regulating 
the bioavailability and pharmacokinetic characteristics of drugs. Co-
administration of drugs may result drug-drug interaction which is another 
aspect that must be considered at therapeautic interventions. This review gives 
insight into methods to detect transporter-drug interactions and discusses the 
interface of transporters and stroke. 
 
Abbreviations 
 ABC transporter (ATP binding cassette) transporter; ABCB1: Pgp, 
MDR1; ABCC family MRP multidrug resistance associated protein; 
ABCG2/BCRP/MXR breast cancer resistance protein/mitoxantrone resistant 
protein; ADME absorption, distribution, metabolism and elimination; BBB 
blood brain barrier; BCSF blood-cerebrospinal fluid barrier; 

 
Introduction 
 The transport of molecules across the blood brain barrier (BBB) is a highly 
restricted and controlled process. The tight junctions between adjacent cells, 
lack of capillary fenestration and low pinocytotic activity hamper transport 
across BBB. The major pathway for compounds to cross the BBB is the 
transcellular route, which is dependent on their physical-chemical 
characteristics and interactions with transporter proteins.  
 Two transporter superfamilies can be distinguished: the ATP-binding 
cassette (ABC) transporter and the Solute Carrier (SLC) superfamilies. They 
include transmembrane proteins that translocate their substrates across extra- 
and intracellular membranes. Members of the SLC superfamily, the so called 
uptake transporters assist the entry of compounds into the cells, whereas 
proteins of the ABC superfamily use ATP to actively pump out compounds 
from the cells. A wide array of substrates including xenobiotics such as drugs, 
nutrients, and toxins and their metabolites, as well as endogenous substances 
such as bile acids, peptides, steroids, ions, and phospholipids are translocated 
by transporters.  
 This review focuses on the relevance of ABC transporters at the blood-
brain-barrier with special emphasis on their potential influence on stroke 
treatment. After a brief description on the importance of transporters in the 
brain and how transporter drug interactions can be measured, the consequences 
of these interactions will be discussed highliting the recent advances to 
overcome their influence. Transporters modulate the pharmacokinetic 
properties of drugs, including the targeting of neuroprotective agents used for 
stroke therapy. Transporters may have an impact on stroke treatment i) by 
influencing the pharmacokinetic profile of drugs and thereby be responsible for 
adverse side effects and ii) transporters may inhibit drugs from reaching their 
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target site. On one hand transporters influence stroke therapy, yet on the 
other hand the pathological processes also modulate the activity and 
expression of transporters. The review gives a short overview of factors that 
should be considered when developing new therapeautic interventions for 
stroke therapy. 
 
1. Importance of transporters in the brain  
 Transporters are abundantly expressed in the brain; they are present in the 
endothelial cells of the BBB, the epithelial cells of the blood-cerebrospinal 
fluid (BCSF) barrier and also in brain parenchyma cells [1]. Drug uptake into 
the brain highly depends on the efflux transporters expressed at the BBB and 
BCSFB. The BCSF is more permeable to drugs compared to the BBB and 
therefore may have a distinguished role in the exchange of xenobiotics 
between blood and brain. The drug concentration in CSF is a common 
surrogate measure for critical unbound brain concentration of the drug in 
clinical drug development [2]. However, it must be noted that the scientific 
society is divided on the relevance of data generated on choroid plexus. In 
addition, the transporter expression, localization and function are ambiguously 
characterized in the BCSF. Therefore, our review will only focus on studies 
utilizing various BBB models. 
 In the BBB the endothelial cells connected by tight junctions completely 
seal paracellular transport and form a continous capillary structure. Central 
nervous system (CNS) drugs entering the brain must therefore cross the 
endothelial cells. Depending on the lipophilicity of the drugs they can either 
readily penetrate through the BBB membranes or require carrier-mediated 
transport to enter the cells. But, xenobiotics and endobiotics that cross the 
apical membrane of the epithelia may still be pumped back to the blood stream 
by ABC transporters. Efflux transporters in the brain capillary are mainly 
present on the luminal (apical or blood side) side of the endothelial cells (see 
Fig.1). The highly polarized structure of the epithelia with distinct transporter 
protein distribution on the apical (luminal) and the basolateral (abluminal) 
sides enable the vectorial transport. This way the uptake of xenobiotics in the 
brain is hindered. Though transporters protect the brain from toxic compounds, 
they also deter central nervous system drugs to reach their target site, which 
may be a reason for therapeautic inefficacy [3]. Despite the intense research to 
identify and localize ABC transporters in the BBB solid data exists only on 
ABCB1, ABCG2, ABCC1, ABCC4 and ABCC5.  
 ABCB1 also known as P- glycoprotein (P-gp) or multidrug resistence 
transporter (MDR1) was the first ABC transporter identified in the 1970’s. 
ABCB1 is known to mediate multidrug resistance, displays a protective 
function as well as plays a crucial role in determining the ADME properties of 
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drugs. It is present in all major barriers in the epithelial and endothelial cells in 
the apical/luminal membranes. It has a broad substrate specificity, transports 
hydrophobic compounds and unconjugated cationic substances. ABCB1 plays 
a key role in limiting the brain penetration of several drugs, among others 
antidepressants [4], amyotrophic lateral sclerosis drugs [5]. ABCB1 is encoded 
in human by the ABCB1 gene while rodents express two isoforms. Abcb1a is 
found in brain microvessels, whereas Abcb1b has been detected in astrocytes 
[6]. In rodents, Abcb1a have been found to contribute to the transport of drugs 
from the brain into the blood [7].   
 ABCG2, also known as breast cancer resistance protein (BCRP), and 
mitoxantrone resistant protein (MXR) was simultaneously recognized by 
three groups. Though its major physiological role is still uncertain it 
functions as a drug transporter with extremely wide substrate specificity. A 
number of reviews have been published recently dealing with the role of the 
transporter in drug ADME, in hypoxia, in drug and environmental toxin 
elimination, and at the blood-brain barrier [8-11]. ABCG2 is most abundant 
in the placenta, followed by the liver and the small intestine. It is highly 
expressed in the luminal membrane of the capillary endothelial cells of the 
blood-brain barrier too. Its frequent expression in highly dividing cells and 
stem cells [12] imply that ABCG2 is related to growth and cellular division. 
Thus, ABCG2 may play a role in the revascularization and regeneration 
processes following stroke. 
 

 
 

Figure 1. Efflux transporters expressed in the BBB. 
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 Members of the ABCCs/MRPs multidrug resistance-associated protein 
(MRP) family transport conjugated anionic substances such as acidic 
xenobiotics, endobiotics or phase II conjugates.  Some of the ABCCs also 
transport hydrophobic compounds in a cotransport mechanism with GSH. 
ABCCs are also believed to add to the resistance of the brain to drugs [13]. 
The expression of ABCC1, ABCC2, ABCC3, ABCC4 and ABCC5 mRNA 
was detected in human brain, but only protein of ABCC1, ABCC4 and ABCC5 
were localized at luminal side of brain capillary endothelial cells. ABCC4 and 
ABCC5 are also expressed in astrocytes [14]. ABCC5 has been besides 
capillary endothelial cells and astrocytes in pyramidal neurons also, and has a 
likely role in cell signalling via transport of endogenous signaling molecules 
[14, 15]. There are contradicting data on the presence of other ABCCs such as 
ABCC2, ABCC3 and ABCC6 in the brain probably as a consequence of the 
different detection methods [14].  
 The most important human efflux transporters, localization, substrates and 
examples of their function are presented in Table 1.  
 
Table 1. Most important efflux transporters expressed in human brain [13, 14, 28-33]. 

 
ABC / Efflux transporters in the brain 
Transporter Rodent  

genes 
Localisation Substrates Function 

P-gp /ABCB1/ 
MDR1 

mMdr1a 
mMdr1b 
rMdr1a 
rMdr1b 

Epithelial,  
Endothelial 
cells 

Hydrophobic,  
unconjugated 
cationic 
substances 

P-gp limits the brain penetration  
of oseltamivir, an anti-influenza  
drug [16]. It also limits penetration  
of 2nd generation antihistamines 
yielding a favourable safety profile  
to these drugs [17-19]. 

MRP1/ABCC1 mMrp1 
rMrp1 

Ubiquitous, 
endothelia in  
the brain 

Endogenous 
anionic 
glutathione and  
glucuronate 
conjugates 

overexpression of MRP1 in the  
brain of epileptic patients is one of 
the reason orf the resistance to 
anti-epileptic drugs[20] ABCC1 
protects the brain from etoposide [21] 

MRP4/ABCC4 Rat 
mMrp4 

Many tissues, 
Endothelial  
cells and  
astrocytes in 
the brain 

Cyclic purine 
nucleotides, 
nucleotid analogs,  
phase II sulphate 
conjugates 

Transports prostaglandins across 
the BBB, and BCSF, thereby partake  
in the fever response of the brain  
[22] It also plays a role in the  
leukotrien mediated inflammation 
in the brain [23]. 

MRP5/ABCC5 rMrp5 
mMrp5 

Many tissues, 
Endothelial  
cells, astrocytes 
and pyramidal 
neurons in the 
brain 

Cyclic purine 
nucleotides 
and nucleotid 
analogs 

MRP5 (together with MRP4)  
restricts the permeability of  
different antiretroviral drugs in the 
brain[24]. ABCC5 expression was 
upregulated in a stroke model in 
neurons [15] 

BCRP/ABCG2/ 
MXR/ABCP 

mBcrp1 Placenta, liver, 
small 
intestine, 
endothelium 
(in the brain) 

Amphipatic drugs,  
DHEAS; Folates; 
Porphyrines;  
Riboflavin; 
Sulfated  
Estrogens; Steroids  

ABCG2 limits the distribution of 
phytoestrogens  into the brain [25]. 
Together with ABCB1 responsible  
for limiting the brain penetration 
of topotecan and other anticancer  
drugs [26, 27] 
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2. Models / methods used to study transporters in the 
BBB 
2.1 In vitro models / methods 
2.1.1 Membrane models and assays 
 Membrane preparations from recombinant baculovirus infected insect 
cells, and from selected or transfected mammalian cell lines containing high 
levels of a transporter are widely used to detect interactions of compounds with 
different ABC transporters in a high throughput manner [34-37].  Membrane 
preparations contain a mixture of “inside-out” and “rightside-out” oriented 
intact membrane vesicles. Two distinct types of membrane assays are utilized: 
the ATPase and the vesicular transport assay.  
 
a. ATPase assay 
 ABC transporters mediate transport against a concentration gradient using 
ATP as energy source. In the ATPase assays the rate of liberation of inorganic 
phosphate (Pi) yielded from ATP hydrolysis is measured. This correlates well 
with the activity of the transporter and is easy to detect. With the ATPase assay 
two different protocols are used to characterize the interactions: the (i) ATPase 
activation and the (ii) ATPase inhibition assays. (i) In the activation assay 
stimulation of the basal ATPase activity of the transporter is measured. A test 
compound that significantly stimulates the basal ATPase activity is considered 
a likely substrate of the transporter. (ii) In inhibition assays the ATPase 
activity of the transporter is activated by a known substrate. In the presence of 
an interacting test compound the inhibitory effect of the compound can be 
evaluated. This assay type is useful to identify inhibitors and slowly 
transported compounds that do not stimulate the basal ATPase activity.  
 
b. Vesicular transport assay  
 The vesicular transport assay (VT) consists of the direct or indirect 
measurement of ATP dependent transport of compounds into inside–out 
membrane vesicles. In the direct assay the transport of the test compound is 
measured whereas the translocation of a reporter substrate is detected in the 
indirect assay. The transport can be detected by LC/MS or LC/MS/MS directly 
or in case of fluorescent or radioactive compounds by spectrofluorimeters. In 
the indirect version of the assay usually fluorescent or radioactive reporter 
substrates are utilized. This simple, rapid and relatively cheap method allows 
for HT screening of transporter compound interactions. Its disadvantage is that 
it can not distinguish between the inhibitor and substrate nature of a 
compound.   
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2.1.2 Cellular models and assays 
 The first viable brain endothelial cells maintained in cell cultures were 
prepared by Panula and co-workers in 1978. Cell models to measure drug 
transport with primary and immortalized brain endothelial cells and 
immortalized cells from peripheral tissues were developed later. Different 
types of transport assays can be performed depending on the properties of the 
cells culture (see below). Cells derived from brain capillary endothelia closely 
mimic the physiological characteristics of their source, e.g. the most important 
transporters, biomarkers and enzymes are expressed and functioning. These 
cell lines express a wide range of transporters that facilitate the uptake and 
efflux of compounds. The transporter expression profile may vary with 
passage number and seeding leading to reduced reproducibility. A major 
drawback of using these cells is that they rarely form adequately tight 
monolayer that is required to measure vectorial transport. Presently, non of the 
human brain endothelial cells are known to form tight monolayers in culture in 
contrast to rodent, bovine and porcine brain endothelial cells [33, 38]. Several 
methods increase the tightness of the monolayer such as using astrocyte-
conditioned medium; coculture with astrocytes; coculture containing pericytes 
and astrocytes; or supplement the medium with hydrocortisone or 
phosphodiesterase inhibitors and cAMP analogues[39]. To date, one of the best 
available in vitro human brain endothelial cell model is hCMEC/D3, a 
transduced cell line with suitable characteristics for uptake transport 
measurements [39]. Unfortunately, due to its large paracellular permeability 
it’s not applicable for vectorial transport. To evaluate the individual 
contribution of specific transporters that are expressed in the BBB transfected 
cell lines from peripheral tissues are commonly utilized (e.g. LLC-PK1, 
MDCKII porcine and canine kidney respectively) [25, 40-44]. These cell lines 
are suitable for monolayer vectorial transport assays and uptake assays. The 
advantage of these cells is that the endogenous transporters are downregulated, 
whereas they highly express the transfected transporter. Recently double and 
multiple transfected cell lines have also been generated where both uptake and 
efflux transporters were transfected [45].  
 
a. Dye efflux assays  
 The fluorescent dye assays are cellular assays that provide indirect 
information on interactions between an ABC transporter and a test drug using a 
reporter substrate. The accumulation of a known reporter substrate is measured 
in the presence and absence of the test compound. The accumulation is 
generally compared to the accumulation of the reporter in the presence of a 
known inhibitor. The calcein assay and rhodamine 123 transport assays are 
used commonly for the detection of ABCB1 and ABCC1 transporter 
interaction s[46] whereas for ABCG2 the Hoechst 33342 assay [47] and the 
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pheophorbide A assay [48] is the most suitable.  For ABCC4 and ABCC5 no 
specific dyes have been identified so far. This method provides data with 
functional relevance and is specifically applicable to detect potential drug-drug 
interactions in a high throughput manner. The disadvantage is that it can give 
false negative results for low permeability compounds that can not cross the 
cell membranes. Another drawback is that we can not differentiate a substrate 
from an inhibitor. 
 
b. Uptake assay 
 In the uptake assay cells overexpressing the efflux transporter are 
incubated with the substrate in the presence and absence of inhibitors. 
Substrate uptake is given as the cell-to-medium concentration ratio [49, 50]. If 
a drug is a substrate of an efflux transporter the uptake of the compound is 
increased in the presence of the inhibitor; and the accumulation of the 
compound is decreased in cells highly expressing the transporter compared to 
that measured with parental cells. The amount of the test compound is detected 
analytically e.g. by LC/MS, or can be labeled by a fluorescent or radioactive 
tag and detected accordingly. Alternatively, it can be performed as an indirect 
assay using a reporter substrate (e.g. see dye efflux assay).   
 
c. Monolayer efflux assay 
 In the monolayer assay the vectorial transport of compounds is measured 
using tight monolayers expressing transporters [51]. Markers for paracellular, 
transcellular, and transporter-dependent efflux must be included in the 
experimental design. Transporter specificity is secured either by the 
application of specific inhibitors or by comparing the test compound transport 
rate of transfected to parental cells. Between the apical (A) and basolateral (B) 
side both unidirectional and bidirectional assays are performed. If a compound 
is the substrate of an apically located efflux transporter its permeability is 
greater in the B-to-A direction than in the A-to-B direction. The ratio of the 
permeabilities is called the efflux ratio. The inhibition of an apical transporter 
increases the A-to-B transfer of substrates and decreases the permeability in 
the opposite direction (B-to-A). The efflux ratio approaches 1 in the presence 
of a specific inhibitor. 
 
2.2 Tissue culture models 
2.2.1 Isolated brain capillaries 
 Isolated brain capillaries were one of the first models used to study BBB. 
They are composed of endothelial cells, pericytes ensheathed by the basement 
membrane, and to which astrocytic processes may also be attached [52]. Brain 
capillaries were isolated from different species including rat [53], and pig [54]. 
Experimental studies indicated the presence of P-gp activity and the members 
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of the MRP subfamily [54]. Although this model contains all the main 
components and metabolic activities of the BBB, the preparation procedure 
can cause changes in the activity, expression and subcellular localization of 
transporters, and may result in the decresase of ATP [1]. 
 
2.3 In situ/ in vivo models  
2.3.1 Knockout mice and natural transporter defective mutants 
 Several transporter knockout mice models [28, 51, 55] have been used to 
gain better insight into the role of transporters at the blood – brain barrier. One 
of the drawbacks of these in vivo models is that compensatory changes may 
occur[56]. Abcb1a (-/-) knockout mice are commonly used to study the 
function of ABCB1 in the BBB [56, 57] despite the availability of ABCB1 
deficient double knock-out mice (Abcb1a(-/-)/1b(-/-) as in the BBB the mdr1b 
isoform of ABCB1 is expressed insignificantly. The protective role of ABCB1 
from the neurotoxic effect of avermectins was demonstrated with CF-1 mice, 
an inherently ABCB1 defective mutant mice strain [58]. Imatinib mesylate 
(Gleevec) was shown to display Bcrp1 dependent brain uptake in Abcg2(-/-) 
and wild type mice model [42]. Interestingly, only non-mdr1 Bcrp substrates 
with low to intermediate passive permeability show Abcg2-limited brain 
penetration in mice [25]. The involvement of Abcc1 in the efflux of estradiol-
17B-glucuronide [28] and Abcc4 in the protection of brain from topotecan [59] 
was also reported using in vivo models. 
 
2.3.2 Brain Efflux Index (BEI) method  
 The Brain Efflux Index (BEI) is widely used to study the distribution of a 
compound between the brain and the blood [60]. 
 BEI (%) = (amount of test substrate effluxed at the BBB / amount of test 
substrate injected into the brain) X 100. 
 The test substrate and a BBB impermeable reference compound are 
simultaneously injected into the brain and the efflux of both compounds is 
monitored. This method is useful to determine the BBB clearance of the 
compound of interest [61]. 
 
2.3.3 In situ brain perfusion  
 In this method artificial perfusion fluid containing the compound of 
interest is directly infused into the carotid artery and the brain drug 
concentration is determined. Thus, the brain distribution at a controlled 
concentration of the drug can be monitored without taking into account the 
influence of metabolism in the peripheral organs. This allows a simple kinetic 
study especially for radiolabeled compounds and is commonly performed with 
rodent species [56, 62]. 
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2.3.4 In vivo brain microdialysis 
 The implication of in vivo brain microdialysis techniques in preclinical 
stroke research is described in detail in Chapter 14. Here we mention only one 
aspect; the role of microdialysis in pharmacokinetic studies of drugs and drug 
candidates (potentially useful in the treatment of stroke).  In short, a probe is 
placed into a specific brain region to study the free drug concentration in the 
extra cellular fluid after peripheral administration of a drug. The distribution of 
a drug in the brain can be determined in anesthetized and also in freely moving 
animals. The application of specific inhibitors or knockout mutant animals 
allows for clarification of the role specific transporters have on drug 
penetration [1]. 
 
2.3.5 Imaging techniques 
 Positron emission tomography (PET) and single photon emission 
computed tomography (SPECT) are used to study in vivo BBB transporter 
function using radiopharmaceuticals in combination with modulators [1]. 
These noninvasive techniques are useful tools in drug development and to 
identify drug-drug interactions. A number of labeled P-gp substrates are used, 
most frequently [11C]-verapamil [63], but also [11C]-colchicine and [11C]-
daunorubicin have been applied [64]. The activity of MRP1 is also monitored 
by PET using N-[11C]-acetyl-leukotriene E4 as substrate [65].  P-gp, MRP1 
and MRP2 substrates 99mTechnetium-labeled tetrafosmin and sestamibi are 
extensively used for nuclear medicine imaging, especially in brain tumor 
clinical studies [65, 66].  
 
3. The pharmacology of stroke 
 Stroke is a cerebrovascular accident (CVA) caused by an interruption in 
the blood supply affecting a part or all of the brain leading to neuronal damage 
and loss. Two subtypes of stroke are distinguished: hemorrhagic, when a blood 
vessel bursts in the brain; and the more frequent ischemic type is due to an 
occlusion in the blood vessel that inhibits blood flow, thereby causing 
reduction of oxygen and nutrient supply in the affected area. Hypoxic and 
hypoglycemic conditions trigger a number of cellular and molecular cascades, 
also referred to as ischemic cascade that promote the progression of the 
infarcted area as well as induce protective mechanisms [67].  
 Among pharmacological therapies of ischemic stroke treatments directed 
to recanalize the occluded artery, such as thrombolysis, and/or use of 
neuroprotective drugs to restrict the size of the affected area are being 
developed. Presently, thrombolytic therapy using the tissue-type plasminogen 
activator (t-PA) is the only primary treatment of acute stroke. However, the 
narrow therapeautic window, the risk of hemorrhage, and the need of a 
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computed tomography scan limit its usage. Other pharmacologic treatments 
comprise antithrombotics, such as anticoagulants, like warfarin or antiplatelet 
agents, like aspirin.  The factors that increase the risks of recurrence, like high 
blood pressure or hyperlipidemia are usually treated also.  Search for safe and 
efficacious therapies for the treatment of stroke remains a high priority. Besides 
the development of reperfusion agents, much effort is directed to develop 
alternative strategies that act at various sites of the ischaemic cascade [67].  
 Unfortunately most novel reperfusion techniques and neuroprotective 
strategies, lack efficacy or have unacceptable toxicity. For example, 
ximelagratan, a direct thrombin inhibitor and a possible replacement of 
warfarin turned out to be hepatoxic in Phase III trials and had to be withdrawn. 
The high safety and efficacy parameters in animal models of a nitron-derived 
free radical scavenger, NXY-059, raised high hopes, but disappointingly,  no 
beneficial effect over placebo was found in the second Phase III trial [68]. 
Traxoprodil (CP-101606), a potent glutamate receptor antagonist has also a 
low efficacy in the treatment of ischemic stroke [69]. There are other new drug 
candidates in clinical trials such as the calcium chelator, DP-b99; an astrocyte 
modulating agent, ONO-2506; edaravone, a hydroxyl radical scavenger; and a 
membrane stabilizer, citicoline [67]. Though they are still in clinical 
development phases their efficacy is ambiguous. Maybe an alternative strategy 
will be to give nutritional supplements like polyphenols, or other natural 
antioxidant compounds to patients [70, 71].  In summary, inspite of the large 
efforts to develop small molecular drugs for stroke treatment to date there are 
only limited signs of success, the safety and cost risks of novel drug candidates 
are still high (as reviewed by [67, 72-74]).    
 

4. Role of transporters in the treatment of stroke 
4.1 Drug and drug candidate interactions with efflux 
transporters 
 Drugs and drug candidates targeting stroke treatment and/or prevention 
either a) act on the occlusion formation or b) limit neurological damage 
following stroke by interfering with the occlusion initiated mechanisms. The 
latter include alternative strategies targeting various steps of the ischemic 
cascade like free radical formation, glutamate induced excitotoxicity, calcium 
overload, etc. The transporter interactions are important as they influence the 
pharmacokinetic properties of drugs and ultimately may be the cause of drug-
drug interactions. Several drugs and drug candidates have been shown to 
interact with efflux transporters. Since the blood-brain barrier is the most 
efficient barrier where transporter interactions play the greatest role [75] it is 
reasonable to assume that blood-brain barrier modulates/inhibits brain 
penetration of efflux transporter substrate drugs and drug candidates used in 
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stroke. In this section we will briefly overview the drugs and drug candidates 
used in stroke therapy that are known to interact with efflux transporters. 
Drugs and drug candidates were grouped depending whether they a) act on the 
formation of the occlusion or b) are neuroprotective agents.    
 
a. Drugs and drug candidates acting on the formation of the occlusion 
  Most frequently ABCB1-drug interactions are investigated. One example 
is warfarin, a widely used anticoagulant drug whose hepatic elamination is 
influenced by ABCB1 activity. A nonsynonymous single nucleotide 
polimorphysms of ABCB1 was shown to contribute to warfarin sensitivity 
[76]. There is a number of known warfarin-drug and warfarin-food interactions 
associated with ABCB1 activity [77-79]. Ximelagatran, an oral direct thrombin 
inhibitor that was expected to replace warfarin is another ABCB1 substrate. 
Unfortunately, the risk of hepatotoxicity stopped the development of 
ximelagratan. Co-administration of melagatran, the active form of 
ximelagatran with ABCB1 substrates erythromycin or azithromycin [80, 81] 
increased the bioavailability of melagratan in human subjects. In vivo and in 
vitro experiments suggested the interactions are the result of ABCB1 inhibition 
that leads to decreased biliary elimination of melagatran. Dipyridamole is 
another antithrombotic drug used in conjunction with aspirin to prevent the 
recurrence of stroke [82] is a known ABCB1, ABCB2 inhibitor [83-85] and 
ABCG2 substrate and inhibitor [86]. Coadministration of dipyridamole with 
digoxin can lead to increased digoxin bioavailability [87].  
 
b. Neuroprotective drugs and drug candidates 
To date, most drugs and drug candidates developed to reduce ischemic brain 
injury failed in clinical trials, they were toxic or lacked efficacy (for reviews 
see [67, 74, 88]). Ideally, neuroprotective drugs cross the BBB to reach their 
target site of action without causing intolerable side-effects. Out of the many 
strategies we discuss drugs and drug candidates known to interact with efflux 
transporters and which are free radical scavengers or blockers of glutamate 
induced excitotoxicity. 
 Free radicals are generated in the brain during ischemic injury and are 
involved in secondary injury processes. Treatments with anti-oxidant 
compounds reduce ischemic brain damage in a variety of animal models, but 
up to date failed translation into the clinical setting. The potent ABCB1 
inhibitor [89] tirilazad, a 21-aminosteroid free radical scavenger was intended 
for stroke treatment. Yet, it was found ineffective in several ischemia animal 
models and in clinical trials. Edaravone, a free-radical scavenger has been 
approved by the regulatory authority in Japan for the treatment of stroke 
patients [74]. Two transporters present in the BBB, ABCC4 and ABCG2 have 
been suggested to play an important role in the renal elimination of edaravone 
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and its metabolites [90]. Interestingly, the approval of edaravone was denied 
by the FDA as it was thought to be inefficacious, while in Japan the post-
marketing surveillance reported serious adverse reactions, including renal and 
hepatic disorders [91]. These findings indicate that transporter interactions may 
present a danger. However, transporter interactions are unlikely the reason for 
the disappointing failure of the antioxidant, NXY-059 which was not intended 
to go through the blood brain barrier. Here emphasis is given to drugs and drug 
candidates antioxidant natural compounds are treated in section 5.2 discussed.  
 Glutamate mediated excitotoxicity is another molecular target in cerebral 
ischemia for neuroprotection is. Preliminary reports indicate that 
dextromethorphan (DM), an NMDA antagonist is a promising agent to protect 
against neuronal damage. However, its inadequate penetration through the 
BBB is of concern. The rapid metabolism of the drug, resulting in low 
bioavailability was proposed to hamper its therapeutic utility. Co-
administration with quinidine reversibly inhibited the first pass elimination and 
hence increased the bioavailability of DM [92]. Quinidine is a specific 
inhibitor of CYP2D6 and is believed to be an ABCB1 substrate although there 
is some conflicting evidence. Contradicting to Arellano and collegues [93] 
who used a rat everted gut model other in vivo studies using rat [94] and knock 
out mice models [95] claim DM to be an ABCB1 substrate. Co-administration 
of DM with verapamil increased the brain uptake of DM without altering the 
systemic concentrations [94] and similar findigs were obtained using k.o. mice 
[95]. The entry of rituzole, a glutamate antagonist, to the brain was found to be 
limited by ABCB1; it was shown to be an ABCB1 substrate [5, 96, 97]. 
Another blocker of glutamate mediated excitotoxicity, the calcium channel 
blocker diltiazem is commonly used for the treatment of hypertension and 
angina pectoris. In a report using a human neuronal cell culture diltiazem 
protected against  excitotoxicity [98]. Diltiazem is a known ABCB1 and 
cytochrome P450 3A4 inhibitor. 
 All in all, there's currently a great unmet need for alternative treatment 
strategies aimed at prevention or rescue of the neurological tissue damage 
following stroke. However, drug candidates fail to be implemented in the clinical 
settings largely due to inefficacy or toxicity. The specific role of transporter 
interactions remains unclear, yet overcoming the BBB, in certain cases via by-
passing the transporters might be advantageous. Caution should be taken as 
transporters may influence the ADME properties of drugs and adverse drug 
interactions may potentially involve transporter based mechanisms also. 
 
4.2 Antioxidant natural compounds and their interaction with 
efflux transporters 
 Food ingridients and traditional Chinese medicine contain numerous 
natural antioxidant compounds. These antioxidants may modulate the 
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expression pattern and/or function of transporters, and similarly their 
availability may depend on transporters. 
 A traditional Chinese medicine, Danshen and its purified constituents, 
tanshinone IIA and tanshinone IIB derived from the root of Salvia miltiorrhiza 
Bunge are used for the treatment of stroke. The low availability of 
tanshiones[7, 62] in the brain was suggested to be the result [7, 62] of ABCB1-
mediated efflux.  
 Studies in the literature on natural compounds and transporter interactions 
are mostly focusing on polyphenols. [7, 62]Rodent studies have demonstrated 
the beneficial effect of polyphenol containing nutrients such as vitamin E, 
green tea extract, ginko biloba extract containing quercetin, resveratrol and 
niacin in cerebral ischemia and recirculation brain injury [99]. The 
neuroprotective effect of resveratrol (3,4’,5-trihydroxy-trans-stilbene), a non-
flavonoid polyphenol mostly present in grapes has been implicated in several 
studies [100-102]. Besides their role as antioxidants, polyphenols were found 
to be good candidates for multidrug resistance (MDR) reversal agents [103]. In 
a study using immortalized rat brain endothelial cells (RBE4) Youdim and co-
workers [44] reported that quercetin and naringenin, another flavonoid present 
in orange, could cross the BBB model. Yet, quercetin interacted with both 
ABCB1 and ABCG2, while naringin in vitro acted as an ABCB1 substrate, but 
not in the in situ brain perfusion models probably due to its high permeability. 
Polyphenols also interact with ABCG2 [44, 104],  ABCC1 and ABCC2 
transporters [25, 105-107]. 
 By inhibiting the efflux transporters at the blood-brain barrier and other 
key barriers polyphenols are prone to modulate the effect of simultaneously 
administered transporter substrate drugs. It is reasonable to suppose that 
inhibiting the most crucial transporters at the brain could facilitate brain uptake 
of drugs. Further research is needed to elucidate the plausible contribution of 
polyphenols in the treatment of stroke, likely as nutritional supplements or in 
combination therapy. 
  
5. Strategies to overcome the transporter barrier  
 There are various strategies to improve brain targeted drug delivery for 
novel therapeutic interventions. Attempts addressing to overcome the BBB 
among others include viral delivery [108]; receptor-mediated transcytosys 
[108]; ultrasound-induced hyperthermia (USHT) that site specifically reduce 
the integrity of the BBB; application of nanoparticles [109, 110]; and 
modulation of transporters at the BBB.  
 It is reasonable to assume that circumventing the efflux transporters at the 
BBB would improve therapeutic response in stroke patients. One way for 
achieving this goal is the development of therapeautic agents that do not 
interact with any of the proteins responsible for efflux at the BBB. However, 
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as efflux transporters possess wide substrate specificity the success of 
developing such an agent is limited. Another way of targeting brain penetration 
is the development and co-administration of specific transporter inhibitors to 
prevent the extrusion of neuroprotective drugs. So far, ABCB1 inhibitors have 
achieved the greatest attention. Third generation specific ABCB1 inhibitors, 
zosuquidar (LY335979), tariquidar (XR9576), valsodar (PSC833) and 
elacridar (GF120918) are mainly in the development phase in various research 
laboratories; their clinical efficiency are not yet confirmed. The primary reason 
for their development was to circumvent multidrug resistance in tumor 
patients. Nontheless, in vivo preclinical data exist on their potential clinical 
application in neurological therapeautics, like pharmacoresistant epilepsy [111-
113], antipsychotic drugs [114], antiretroviral therapy [115, 116], brain tumors 
[117, 118, 119] and in focal cerebral ischemia [120]. The inhibition of other 
efflux transporters has also been studied intensively. Besides ABCB1, 
modulation of ABCG2 and transporters of the ABCC family could also be a 
target to overcome the transporter barrier and partake in therapy [3, 59, 121].  
Different formulation strategies, like the use of certain excipients can also 
modulate drug disposition and aid drug penetration through the BBB [31, 49].  
 However, the risk of adverse effects related to transporter inhibition must 
not be neglected as potential pharmacokinetic interactions may arise, making 
the development and clinical application of these transporter modulators 
difficult. Modulation of excretion, bioavailability, high dose toxicity and the 
considerable overlap of transporter and metabolizing enzymes (CYP P450 
family) interacting compounds are examples of such adverse reactions. 
 An alternative strategy to by-pass the transporters is ultrasound-induced 
hyperthermia (USHT) that can selectively increase the membrane permeability 
of the BBB [122]. The advantage of this method is that it can be limited to a 
small area. In a cancer cell model combination of USHT and transporter 
inhibition to augment cellular drug uptake was reported to be more effective 
than any of the treatments alone [123]. 
 Despite the various strategies to selectively overcome the transporter 
barrier in the brain further investigations are needed to understand and develop 
more efficient and targeted ways to enable the delivery of pharmaceuticals to 
the pathological sites. 
 
6. Impact of pathology on transporter status in BBB 
 Disruption of the BBB occurs in a number of pathological conditions, 
including Alzheimer’s disease, diabetes, inflammatory pain, and stroke [124] 
characterized by loss of of BBB monolayer integrity, increased paracellular 
permeability suggesting the disruption of the TJ. In the core region of stroke 
hypoxic/ischemic and aglycemic insults induce the disruption of the BBB and 
trigger inflammation. In order to treat stroke it is important to limit the 
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neurological tissue damage within the penumbra region. Hence, 
neuroprotective pharmacological therapy focuses on the penumbra region 
where shortly after the onset of stroke the effects are not yet so explicit.  
 Under pathophysiological conditions, such as stroke the level and pattern 
of protein expression may considerably alter. In line with the plausible 
protective role of transporter proteins there expression was reported to be 
modified too. However, data on transriptional changes in the brain following 
stroke are contradicting and highly depend on the model used. Abcb1a 
expression appeared in neurons following local vasculature destruction at the 
close proximity of the area affected [125], and in neurons and astrocytes 
following CoCl2 induced hypoxia [126]. Interestingly, ABCC5 was also 
detected in surviving neurons of the peri-infarct area suggesting a correlation 
between their up-regulation and the level of cGMP [126]. In a focal cerebral 
ischemia model the expression of Abcb1a in the ischemic brain compared to 
non-ischemic brain was significantly augmented in CD31+ endothelial cells, 
but not in neurons and nor in astrocytes. The transporter protein expression 
started to decrease after 24 hours of treatment [120]. Inhibition of the 
transporter potentiated the neuroprotective effect of rifampicin and tacrolimus 
[120]. Thus, it seems that within 24 hours following stroke the efflux activity 
of ABCB1 at the affected penumbra area is increased diminishing the efficacy 
of neuroprotective transporter substrate drugs. As neuroprotective drugs must 
be administered within the same time frame clinicians should be aware that 
increased expression can largely modulate the disposition of drugs.  
 Besides ABCB1, other transporters may add to the drug resistance of the 
brain. In a middle cerebral artery occlusion model Abcb1 was detected mainly 
in newly formed capillaries in close contact with astrocytes [15], whereas in 
parallel a delayed 5 fold up-regulation of Abcg2 transporter was observed. The 
augmentation of Abcg2 may be attributed to formation and recovery of the 
endothelium of the blood vessels accompanied by cell division. A non-
significant delayed increase of ABCC5 was also seen [15]. 
 Cerebral ischemia and reperfusion are responsible for oxidative stress and 
inflammation. In the first hour’s post-stroke excitatory cell damage occur and 
in the days and weeks following they contribute to edema, inflammation and 
programmed cell death. Our understanding of the mechanism underlying the 
fine tuning and regulation of transporters is still incomplete; especially under 
complex circumstances, like stroke whereby sevevarious signaling cascades 
are involved. Several reports indicate the modulation of transporter expression 
under various stroke related stress stimuli from which the two main pathways 
hypoxia and inflammation will be considered. 
 The effect of hypoxic conditions on transporter activity has been widely 
investigated. In a hypoxia-reoxygenation model of oxidative stress induced by 
H2O2 administration to primary rat brain endothelial cell cultures a biphasic 
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transcriptional activation of Abcb1a was triggered [41] where ABCB1 levels 
increased above basal following 6 h hypoxia and then again following 24 h of 
reoxygenation. ABCB1 expression returned to basal levels by 48 h. The 
expression level correlated well with the functional activity of the transporter. 
A hypoxia-inducible factor (HIF-1) binding site was identified within the 
promoter region of ABCB1 [41, 127], ABCC1 [128], ABCG2 [9] indicating 
that their expression may be regulated by hypoxia in vivo. And indeed, 
correlation was observed between mRNA expression enhancements of the 
transporters and HIF-1α. Among others, hypoxia can also activate the 
transcription of genes through the PARPalpha and PPARgamma pathways 
[129]. The transcriptional of ABCG2 has been reported to be regulated via 
these signaling pathways too [130, 131].  
 As mentioned earlier inflammation often develop after the onset of stroke. 
The transporter changes induced by inflammation are not straightforward and 
seem to be highly dependent on the model used. The transient downregulation 
of Abcb1a mRNA, and increase of drug accumulation in rat brain was reported 
following bacterial endotoxin exposure induced inflammation [57, 132]. Yet in 
another study only the activity [133] of the transporter was found to be 
inhibited. In contrast, ABCB1 expression was elevated in brain microvascular 
endothelial cells when co-cultured with activated T-lymphocytes [134]. 
Moreover, inhibition of ABCB1 function prevented activated T-lymphocytes 
mediated endothelial cell death and reduction of BBB integrity, suggesting a 
possible role of the transporter in neuro-inflammation. When inflammation 
was induced with Tumor Necrosis Factor α using rat brain capillary isolates 
the elevation of the transporter expression followed a rapid decline of activity 
[135].  
 All in all, there are some discrepancies on the transporter changes 
observed following stroke, hypoxia and inflammation. It can be said that 
changes are highly dependent on the model used, on when and from where the 
samples are taken. Though several studies indicate an important role of these 
changes on stroke treatment further studies are required to underline this 
hypothesis.    
 
Conclusions  
 The present understanding of the function of transporters in stroke and 
stroke therapy is still in its infancy. As conventional medication to date failed 
mostly as a result of inefficacy novel approaches involving transporter drug 
interactions must also be (re)considered. Transporters may critically affect the 
ADME properties of drugs, the bioavailability and toxicity as well as influence 
the penetration of neuroprotective agents through the blood brain barrier. 
Several studies have shown that the barrier function of the BBB shortly after 
the onset of stroke is disturbed, in the core region the BBB may transiently 
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disintegrate, and in the penumbra region the transporter profile varies. Further 
comprehensive studies are needed to identify the clinical relevance of 
transporter acivity changes in stroke, the implications of transporter 
interactions in the targeting of neuroprotective agents to the penumbra region. 
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